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TECHNICAL NOTE 3633

ANAT.YSTS OF THE ULTIMATE STRENGTH AND OPTIMUM FROPORTIONS
OF MULTIWEB WING STRUCTURES

By B. Walter Rosen
STIMMARY

A structursl-efficiency analysis of multiweb wing structures is
presented. Minimum structural weight is shown as a function of the design
varisbles (bending moment, wing chord, depth, and skin thickness) in a
manner which makes comparisons possible with structures of different
materials or with other types of construction.

The structural-efficiency chart presented is based on equations devel-
oped to relate ultimate bending strength of multiweb beams which fail in
the local buckling mode to beam proportions and meterial properties. The
equations are substantiated by the presented results of bendling tests
of multiweb beams with both fabricated and Integrsl web-skin attachments.

INTRODUCTION

The wings of supersonic alrplanes must satisfy severe strength and
stiffness requirements and yet be reletively thin and of minimum welght.
In order to measure the relative structural efficiency of wvarious types
of thin-wing construction, the present paper considers, as a standard for
compsrison, the minimum-weight design of thick-skin multiweb wing
structures.

The maximum strength and structural efficiency of multiweb structures
has been studied previously by other investigators (for exesmple, refs. 1,
2, and 3); however, thils investigation utilizes a somewhat different
strength analysis and includes the effect of skin-thickness requirements
on structural efficiency.

The results are presented in the form of a structural-efficiency
chert where minimum structurel weight is plotted as & function of the
structural index for constant walues of the ratio of wing depth to skin
thickness. The structural Index incorporates the followling basilc design
specifications: bending moment, structurel chord, and wing depth. For
the range of these variables considered, web thickness and spacing have
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been made optimum to yileld minimum weight for T075-T6 (formerly T75S-T6)
aluminum-alloy multiweb beams, but skin thickness has been retained as

a parsmeter because a minimum or meximum skin gage 1s frequently specified
to satlsfy stiffness or other design requirements,

The efficiency study 1s based on an empiricel relationship between
meximum bending strength and structural proportions for beams so designed
that the wrinkling mode 1s eliminated (see refs. 4 and 5) and instebility
occurs at the higher stresses agsocilated with the local mode. The equa~
tions used are supported by the results of bending tests of integral and
fabricated beams,

The material presented in thils paper was originally included in a
thesis subtmitted to the Virginis Polytechnic Imstitute in pertial
fulfillment of the requirements for the ma.ater of sclence degree in
Applied Mechanics on May 3, 1955.

SYMBOLS

Aq average cross-sectional area per chordwise inch, in,
Agfn solidity
b width of plate element, in.
¢ = 22 32(62) 1/2

ky E
c structural chord or overall width of multdweb beam, 1n.
E Young's modulus, ksi
Egee secant modulus, ksi
Esec2 0'2/62, . ksi
Eyen ~ ‘tangent modulus, ksi
Ep strength modulus, 02/\/6_2, xsi

h wing depth, in,

"3
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€2

oo

nondimensional buckling-stress coefficient

bending moment, in-kips

bending moment per cell at failure, in-kips

bending moment per chordwise inch at failure, in-kips/in.

averasge bending moment per chordwise inch at failure resisted
by webs, in-kips/in.

structural index, ksi
number of webs
compressive load, kips
Plate thickness, in.
welght density, 1b/in.>

web stress-distribution coefficient

strain

strein at which E.,, = %Esec

nondimensionsl piésticity correctlon factor;
n=1 for og L0,

® 1/2
n = Eggg_ for og > oo
sec : -
stress, ksi

average plate stress at fallure, calculated, ksi

gtress at which Etan = %E ksl

sec
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Subscripts:

a web-skin attachment member

c crushing

cr critical

e edge

min minimum o
S compression skin

T tension skin

W web

ULTIMATE STRENGTH OF MULTIWEB STRUCTURES

The ultimate strength and the mode of failure of multiweb structures
depend upon the stiffness of the webs and of the attachment of the webs
to the compression skin, When the web-skin attachment hes a low deflec-
tional stiffness, instability will occur in the wrinkling mode., When
the attachment is of sufficient stiffness, the behavior of the beam will
approach that of an Integral multiweb begm and Instability will occur in
the local buckling mode. Because the changes in attachment design which
are required to avoild wrinkling instebility involve little or no welght
increase, structures designed to buckle in the local mode are more effi-
cient and, hence, are treated in this paper.

The ultimate strength of multiweb beams’ which buckle in the locsal
mode is calculated by considering the load in each of the plate elements
at the failing moment. The moment resisted per cell is

Mp = Mg + My (1)
The crippling strength of each bay of the compx-'ession skin can be related

to the width and thickness of the plate. The assoclated bending moment,
when the tension skin 1s of adequste design, is

Mg = ogbgtgby (2)
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The moment resisted by each web can be determined from the in-plane web
bending-stress distribution existing when the compression-skin load is
a2 maximum, Thus,

My = a.cebwztw (3)

where o depends upon the depthwise stress distribution and o 1s the
stress at the junetion of the web and the compression cover skin.

The relationships between the Istreng‘bh and the proportions of the
various multiweb plate elements are developed in the following sections
from consideration of the avallable experimental data.

Cover~-Skin Strength

References 6 and 7 have shown that the relationship between plate
ultimate strength, dimensions, and material properties which has been
developed for compression tests of plates in V-groove edge fixtures is
also useful for determining the ultimate strength of plate elements of
longitudinslly stiffened compression panels which buckle in the local
mode. Tt is assumed herein that the ssme equation is applicable to the
cover skin of a multiweb besam.

The crippling strength of plates in V-groove edge fixtures is glven
empirically in reference T as

-t
og = 1.75 E2 _S (O'S 5 0'2) ()-l-)
bs
where Eo 1s called a crippling-strength modulus for edge-supported

plates and is defined by

a.
2
En =
2 1/2
)
where o0p and e, are the coordinstes of the point on a compressive

stress-strain curve at which the tangent modulus is equal to omne-half
the secant modulus for a material,

v md
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Equation (4) is valid only for stresses below Op, but 1t can be
extended to higher stress ranges as follows:

5
og = 1.75 ks E‘:

Because stresses higher than oo are rarely encountered in practical

wing structures, the applicatlon that follows will be limited to the
thick-skin proportions to which equation (4) is applicable.

Substituting equestion (4) into equation (2) gives

2

Mg = 1.T5 E_b g (5)

Web Strength

The webs ere edge-supported plates subjected to a bending-stress
distribution, and each web resists a bending moment given by equetion (3).
The edge stress o has a maximum velue equal +to the maximum edge stress
of the cover plates. In the development of equation (4) (see ref. T),

a maximum edge stress equal to oo was assumed. The moment in the webs
at ultimate load is assumed hereln to approach that resulting from a
rectangular bending-stress distribution of magnitude op; that is,

\ My = & ogby by (6)

Beam Strength

By substituting equations (5) and (6) into equation (1), the maximum
moment resisted by each cell of a multiweb beam is

Mg = 1.75 Egbyts® + i ogby by (7)

The validity of equation (7) is demonstrated by application to test results
of both integral and fabricated beams tested in pure bending. The equation
1s valid only when the webs and the attachments are of sufficient stiffness
to support the cover until it reaches the stress given by equation (&),
(See appendix.)
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EXPERIMENTATL, DATA

Bending tests of integral and fabricated multiweb beams were performed
in the combined load testing machine of the Langley structures resesrch
laboratory in order to determine the maximum strength of multiweb beams
wilth stiff web-skin sttachments. The results of the lntegral-beam tests
are used to substantiate the assumptlons made concerning web behavior, as
regards both stress distribution and minimm thickness requirements, and
skin strength. The results of the fabricated-beam tests are used to deter-
mine the applicebility of the maximum-strength equations to practical,
riveted multlwedb structures.

Test Specimens

The integral beams consisted of one or two cells., (See fig. 1.)
The one-cell integral beams were drawn, squaere tubes with thickness ratio
tW/tS, and skin thickness tg varied by machining skin and/or webs to the

desired thicknesses. The two-cell integral beams were constructed from
E-gsection extrusions by riveting a tension cover to the web flanges and
machining the webs and compression skins to obtaln the various values of
tW/tS. The three-cell fabricated beams were constructed by using two
extruded angles riveted together to form a channel-type web. (See fig. 1.)
The cross-sectional dimensions of the angle extrusions sre shown in fig-
ure 1. Material properties of all test specimens are presented in table I
specimen dimensions and the significent dimension ratios are given in
tables II and III, respectively.

Test Results
Integral beams.- The results of the tests of one- and two-cell

integral beams (see table IV(a)) were used to determine the validity of
the assumption that o in equation (3) equals 1/k.

The value of o can be determined from equation (3), when o, = op,

as
S
o Bty
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e

or, wvhere M'y =

S

M'y b
=L 158 (8)

¥ TG by

_ The web moment can be determined by subtracting the computed skin
moment (see eq. (5)) from the experimental failing moment.

Figure 2 18 a plot of M‘i/orzbwa against twlbs for the integral

besms. The results for those beams that do not satisfy the web-thickness
requlrements of

CIRC
min S b
t . - 1.4

(—:—Wé)min =% 52 (9b)

are omitted. (These equations asre developed as egs. (A5) and (A9) in
the appendix.) The test points, in general, approach the line representing
equation (3) end plotted for o = 1/k.

Tabricated besms.~ In order to compare the experimental results for
the fabricated beams with the calculated strength values, equation (7}
must be modified to include the effect of the web attachment f£langes.
The moment carried by compact sttachment members is approximated by

My = ophy (by - tg = ) (10)

where tg5 equals twice the distance from the inner surface of the

compression skin to the centroid of the attachment member (for a channel,
this is the flange thickness) snd A, 1s the area of the web-skin

attachment member.

Hence, the moment carried per cell by fabricated multiweb beams with
webs of sufficient thickness to satisfy equations '(9) is -

Me = Mg + My + My (11) .

Table IV(b) gives a comparison of the experimental failing moments
and the total computed failing moments for the three-cell fabricated beams.
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Filgure 3 1s s plot of the calculated failing moment egainst the
experimental failing moment. The 45° line represents perfect agreement.
Each group of points corresponds to a group of beams of constant skin
thickness in which bs/ts wes varied from 20 to 40. Beams with webs

of insufficient thickness to satisfy equations (9) are plotted as square
test points. For these beams the predicted failing moment is the bending
moment at which the beam would crush and is based on the equations
presented in the appendix in the section entitled "Web Crushing". The
calculated moment for all other beams is the value computed from equa-
tion (11) modified to allow for three cells, four webs, and overhanging
skin. (See table IV(b).)

The agreement of calculated and experimentsl resulbs indicsates
that the assumptions for cover strength and web stress distribution at
the maximum moment result in a valild spproximation of the bending strength
of multiweb beams. The assumption that the cover-skin strength of one
bay of a fabricated multiweb beam is equal to that of a similar plate in
a V-groove edge-fixture compression -test sppears valid for the beams
tested. This assumption msy be somewhat conservetive when the torsional
stiffness of the web attachment 1s increased (as in the case of beams
with heavy T-cap attachment members) and imconservative when the attachs
ment stiffness is decreased (as in the case of beams fasbricated with
formed-channel webs). (See, for example, ref. 8.)

STRUCTURAL: EFFICTIENCY OF MULTIWEB CONSTRUCTION

The equations relsting maximum bending strength to beam proportions
can be presented in the form of a structural-efficiency chart, where
minimum structural welght 1s plotted as a function of the design varisbles,

The design conditions for a multiweb wing (bending moment per chord-
wise Inch M;, wing depth h, and & minimm skin gage tg) are incorporated

into the parameters used 1n this efficiency study. These parameters are
(1) the structural index Mi[ h2, which is a measure of the loading inten-

sity and a function of materisl properties and nondimensionel gquentities,
and (2) the ratio of depth to skin thickness hftg, a nondimensional

measure of the skin gage needed to satisfy stiffness or other requirements.
Structural weight, the factor which is to be minimized, is directly pro-
portional to the cross-sectional solidity Ay {h. Only the cross-sectionsl

area of the compression skin and the supporting webs is considered, as the
amount of tension material required is essentilally independent of web size
and spacing.

For each hf/tg value, web size and spacing have been varied to obtain
a curve of minimum welght plotted against loading intensity which represents
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optimum web proportions. In order to maximize the moment of inertias of
the beam cross section, material should be located as far from the neutral
axis as possible. Therefore, webs for optimum design ere generally of the
minimum thickness necessary to satisfy the support requirements specified
by equations (9).

In order to determine the efficiency curves, the solidity and

structural index can be expressed as fumnctlons of the beam dimensions
as follows:

Ay = b—ls(bsts + Dyt (12)

which can be expressed nondimensionally as

A
At _ts twish bw (13)
h h 43 h bg b .
where : -
by s
—=1-—= 1k
o o (14)
Also,
1
My =+—Mp - 1
1= pg Me (15)

When equation (7) is substituted into equation (15) and expressed in
dimensions of stress alone, the followlng equation results:

2
My tg\2 n by ; '°w’°sn<bw)
1F-1.75E2¥1- TJ—ST+O'2502%TE? (16)

The dimension ratios used were chosen because h/ts wlll be
specified by design data, and tW/tS will be specified by equations (9).
The ratio bWIh is a function of h/ts alone. (See eq. (14).)

The relstionship between solldity end structural index given by
equations (13) and (16) 1s plotted in figures 4 and 5 for TOT5-T6 aluminum-
alloy structures. This was done by assuming values of h[ts and h] bg

and solving for tw/ tg from equations (9). The larger of the two values

calculated from equations (9) 1s used in equations (13) and (16) to deter-
mine the index and the solldity. With h/'ts held constant, thS is
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varied to obtain one of the curves in figure 4. Then, hftg is varied
for a constant h/ bg to obtain one of the curves of figure 5.

In order to lend perspective to these disgrams, the weight of a
fictitious structure consisting of two unsupported cover skins acting
at the stress 0p has been calculated and 1s given by the line labeled

"Max. eff." For such a structure,

w1 g
w2 ne %t T %2
and
Aq 'E§
h h

% " (17)

Multiweb beams are heavier than this filctitious structure because

(1) Cover skins for most proportions heave maximum average stresses
below o, as a result of local instabllity.

(2) Web material is needed to support the covers.

DISCUSSION

Efficiency "Curves

The lower envelope to the curves of figure 4 represents the minimum
structural welght required to support the design moment when sll interior
dimensions may be freely veried. However, 1f the skin thickness or web
spacing is specifled, there mey be an Increase in the minimum weight
attainable, and the appropriate curves of figures 4 and 5 should be used.

The envelope to the efficiency curves of figure It 15 shown in figure 5
as the "strength envelope"” and is similar to what has been calculated by
investigators of the weight-strength problem (refs. 1 and 3). In addition
to the differences in minimum structural welght resulting from differences
in strength analyses, the efficlency study of the present psper shows the
effect on minimum weight of skin-gage requirements.
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For given design conditlons, each efficiency curve of figure b
represents one skin thickness, and, at zero loed, the intercept of each
curve represents the solidity resulting from the skin alone. The increase «
In welght above thils iIntercept represents the web welght required to
stabilize the compression skin. As shown by the relative position of
these h/tg curves, an increase in skin thickness at a constant value
of the structural index generally results in Increased welght. For such
proportions, the minlmum skin thickness that meets stiffness or other
requirements will result in the lightest welght structure that can satlsfy
the design requirements. However, It is of Interest to note that, in
certain regions (generally, low index values), increasing the skin
thickness at a constant index value results in a decreasse 1n welght.

In such ranges (for exemple, the curves for h/tg values of 40 and 50,

between index values of 1 and 2), increasing the skin thickness gbove -
the required minimum at a given iIndex value will result In a lighter
structure, and the envelope value of skin thickness will be most efficient
for stiffness as well as strength.

The curves of figure 4 can be used

(1) To determine the minimum-~welght structure for given design condi-
tions (that is, overall dimensions, strength, and stiffness)

(2) To determine the weilght penalties associated with the use of
nonoptimum proportions

(3) To compsre the weight of this type of construction with any other

These uses are discussed in greater detail in the discussion which
follows.

Beam Proportions

The optimum structural proportions corresponding to any point on the
efflciency curves can be determined by use of the presented curves and
equations. For the design values of Mjy, h, and +tg, the solidity can

be found from figure L4 and the h,bs ratio can be found from figure 5.
Equation (13) cen be used to determine +ty|tg. The web size and spacing
are then readlly evalusated. :

Several alternate methods involving more labor end resulting, perhaps,
in greater accuracy may be employed to find web size snd specing if it is
80 desired. These include the following: _ -

(1) Determine the solidity from figure 4. Solve equations (13) and
(16) similtaneously to determine tyftg end tg[bg.
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(2) Determine the solidity from figure L. Find tw,bs from equa-
tion (13); thus,

bg \b &b /by

Find bs[ts fram equation (9a); thus,

by c1/3(bw>1/2 bg

s ts/ by

t_w=<Ai s\ n

or, from equation (9b),

55 7 \J B

bg (1 by bs>1/ 2
The larger bs/‘bé value must be used to determine web spacing.

Buckling Below Limit lLoed

Many structures must satlsfy not only strength and stiffmness criteria
but also a requirement that there be no skin buckling below design limit

load; that is, %Mf. For each hftg value, there is one point on

the optimum curve which defines a structure that will buckle at limit -
load. Structures designed for higher index wvalues willl buckle above
1limit load and structures deslgned for lower index values will buckle
below limit load. In order to determine the critical value of bg/ts

for any hftg value, let

Moy = %Mf : (18)

For the TOT5-T6 aluminum alldy, buckling will be elastic and the stress
distribution will be trianguler. Hence, in equation (3),

2
]
N

1 2 1
Micr = Oeptgby + g Ocxby tw b_S
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where

Hence,
2
tafb
S W
5 —h)] (29)

Substituting equations (9a), (9b), (15), (16), and (19) into equation (18)

yields
o e w] -
bg/  bglel/3\R <bw>
el 6 cEe @
cl/2xqE 5
exnd

|
o

<§§>3 -».t—s 18(1;5)2(3-)2 2 ). 21 E—g—<:c—s->2<-]3—)2 (21)
S bg n/ \by KgE kgE\h/ \by

Equation (20) contains the web criterion of equetion (%), and equa~-
tion (21) contains that of equation (9b). The higher value of tSIbS

given by these two equations for any value of h/ts ie the sppropriate
one.

The computed values of ts/bs are indicated by the tick marks on the

curves of figure 4, Proportions to the left of these values on any curves
must be modified to eliminate buckling below limit load., This modifica-
tion results in a small weight change for shallow beams and g large change
for deep or thin-skin beams.

Shear ILoads

This analysis considers bending moments as the only loads on the
structure. In actual alrecraft the problem of carrying vertical shear
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in the webs must be considered. For deep wings, the webs called for by
this analysis offer a large area to resist shear loads. For the shallow
wings wilth low h/ tg wvelues, however, additional shear area msy be

required.

Effect of Differences Between Actusl snd Ideal Struchtures

Attachment members.- Equations (5) and (6) express the maximum moment
carried by the skin and flat-sheet portion of the web of a fabricated beam
if the web-skin comnection is a strongly riveted one., This requires smsll
rivet-offset distances. (See ref. 5.) An attachment member, either the
flange of a channel web or an angle cap or T-cap, must uvsually be consid-
ered. Such an attachment member adds to the solidity of a beam bub 1t
also adds to the moment-carrying capacity. The stress carried by small
attachment members will be approximately equal to the edge stress Ope

By e development similar to that of equation (17) » 1t can easlily be shown
that, when attachment members sre added to an optimum design which is
selected from figure L, the deviation of the actusl beam from the optimum
integral beam (when both are plotted in fig. 4) is approximately along a
line of the same slope as the maximum-efficiency curve.

On the basis of this development, the range over which attachment
members Increase beam efficiency can be determined. When the slope of
any h/ts curve equals 1 /02, the slope of the meximum-efficiency curve,

it becomes more efficient to move to the right in figure 4 by adding
T-caps or angle caps than to decrease web spacing and increase web
thickness.

Neutral-axis location.- When because of cover-skin buckling, umequal
thickness of cover skins, or other lack of beam symmetry, the neutral-axis
locatlon is not at the web midheight, the maximum-strength equations are
affected. The change in neutrasl-sxis location results In unequal edge
stresses at the two covers and a resultant axial force as well as a
bending moment acting on the webs. In general, the effect of this change
on the meximum-strength equation (eq. (7)) will be small. For exsmple,
consider a web stress distribution with the distance of the neutral axis
from each cover changed by 20 percent, that is, 40 percent of the web
under tensile stress. If the stresses are again approximated by a rectan-
gular stress distribution of magnitude og, the plate will have an axial

compression force equal to 0.20.byty and a moment equal to 0.21l-oebw-2‘hw.

Tne moment 1s essentlally that given in equation (6), and it is seen that
the effect is a small one. For besms with an adequate tension cover, the
effect of a neutral-axis shift on equation (5) will also be negligible.
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Use of Other Msterials

Structures of materials other than the TOT5-T6 aluminum alloy
consldered can be compared with the structures represented in figure L,
For the structure in question, the value of the structural index can be
obtained by test or computatlons, and the weight comparison is mede by
determining the equivalent solldity and the ratio of depth to skin
thickness by utilizing the ratios of densltles and shear moduli of the
materisls.

In order to obtain ldentical torsionel stiffness In the newly
selected material and the reference masterial, let

by Gxtsy = Grbg bw,

where G 1s the shesr modulus of elasticlty, subscript r refers to
reference material, and subscript x refers to other material.

Except for very thin wings, be %'wa axd the ratio of the equiv-
alent depth to the skin thickness is given by

by _(n\ &
(‘b_s)'r - (ts)x e (22)

The equivalent solidity for a direct weight comparison is the
computed solidity modifled as follows:

&, - G

CONCLUDING REMARKS

(23)

7

Equations have been presented which relate the maximm bending
strength of multiweb beams which fail in the local buckling mode to the
beam proportions end materisl properties. The experimental results,
upon which the equations are based, were also used to establish criteria
for the minimum web size required to support the covers satisfactorily.

The expressions for maximum strength have been used in a structursl-
efficiency anslysis which shows minimum welght as a functlon of the design
specifications. For multiweb wing structures, the significant weight
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measure is the wing solidity, or the percent of cross section occupied

by the compression skin and supporting material; the strength parameter

is the structural index, or the ratioc of the design moment per chordwise
Inch to the square of the wing depth; and the skin-thickness requirements
are measured by the ratio of wing depth to skin thickness. The efficlency
analysis presented enables the determination of the minimum-weight design
and the welght required to satisfy both the strength and stiffness require-
ments. Establishment of the optimum-proportlon curves also permits the
evaluation of the effects on structural welght of deviations from the
optimum, whether such deviations be in the form of changed dimensions,
different materials, or other types of construction,

Langley Aeronautical Laboratory,
Netlonal Advisory Committee for Aeronsutics,
Langley Field, Va., December 15, 1955.
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APPENDIX
WEB REQUIREMENTS

In the derivation of equation (7), it is assumed that the webs and
the sttachments are of sufficient stiffness to insure cover buckling in
the locael mode and support the cover until 1t reaches the stress glven
by equation (4). In order to prevent failure at lower stresses, web
crushing snd premsture web buckling must be avoided.

Web Crushing
The webs must not fail under the crushing loads resulting from beam

bending. The crushing force per unit length of web is the depthwise
component of the loads in the covers, that is,

2€ _ . R .
ooty Pb—‘é-w (A1)

Substituting for the cover load P glves

20qbat
0o = —B88 ¢, (a2)
The critical crushing stress 1s teken as
e\ 2
Uccr = kWE(b._a::) (A;)

The minimum required web thickness 0o aveid crushing 1s determined by
equating o and Ocqpe This results in the following equation:

@)2 by By 2% ()

bw/ ts bgs kyE

By substituting the assumed values of og from equation (%) and with
€c = €p, &t ultimate load the following equation is obtained:

L i
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where

o/ 1/2 .
¢332, (46)
ky E

The vealue of ky can be determined from the experimental resulis for

the integral besms. For this purpose, equation (A5) can be modified to
account for the effect of the unequal number of webs end cover-skin bays.

Thus, .
B [

The dimensions of the integral heams were substituted into equation (A"{)
and values were obtained for C. The value selected, corresponding to
simultaneous crushing and bending feilures, was based on the cbserved
beam behavior. The value corresponds to ky = 3, which approaches a

clamped-edge condition.

Web Buckling

In general, the webs will tend eilther to stabilize or to destabilize
the covers, wilth a resulting change in the buckling-stress coefficient
kg from the simple support value of 4, Beam proportions considered in

the efficiency analysis are restricted to those which result in a value
of kg which is not significantly lower than 4, so that the supporting

structure will not be the source of instability. From reference 2, it
is found that, above B =3, kg decreases rapidly and the minimum <ty

to avoid serious web buckling is herein chosen so that
b
B = _HZEE < (8)
bg/tg
Therefore, the minimum thickness ratio is given by

twy _1bwis
(Es—)min—B (A9)

From the experimental results, it can be seen that the web-buckling
criterion (eq. (A9)) is conservative. For example, consider the following
test results for beam specimens B-4 and V-4 which are identical in
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construction., Specimen B-I was tested in pure bending, and, although
the beam had B = 4, the meximm-gtrength equations of this paper predict
the falling moment within 5 percent of the experimental value. Buckling
was Iinitiated by web instabillity at 250 in-kips, or only 56 percent of
meximum load.

In order to produce even more severe web buckling, specimen Vb
was tested in bending with an spplied shesr loasd equal to the computed
critical shear load. The combined loads resulted in buckling when the
maximum moment on the test sectlon was only 27 percent of the meximum
moment at failure. These buckles also had a negligible effect on ultimate

strength.

Equations (A5) and (A9) are plotted in figure 6 for a typical h/ts
value to show the region In which esch criterion governs., The higher
velue of (ty[tg)min should be used. When equations (A5) and (A9) are

satisfied, equation (7) can be used to compute the maximum strength under
pure bending of a multiweb beam which buckles in the local mode.
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TABLE I.- MATERTAL FROPERTIES

NACA TN 3633

Property 70%23T6 2o%t;T6 20%t;T6
E, ksi . . . . |10.5 x 10% [10.6 x 107 | 10.9 x 103
Ep, kel . . . 812 804 752
ocy,'ksi .. 724 68.3 614
oo, ksl . . . 67.8 63.3 55.6
€0 « « v 4 o & 0.00695 0.00621 0.00548

8Used in febricated test specimens.

bUsed in two-cell integral test specimens.
CUsed in one-cell integral test specimens.
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TABLE IT.~- SPECIMEN DIMENSIONS

(a) Integral beams.

Specimen h, W t3, bg;, C, i)
in. in, in. in. in. in,
One-cell beams
102-1 7.00 0.162 0.162 6.85 7.00 0.162
202 5.00 156 156 4,84 5.00 156
303 4,25 J154 154 k.09 25 L15h
k03 3.75 .153 153 3.59 3.75 153
502 3.50 154 . 154 3.34 3.50 154
B-1 8.00 115 400 T7.30 742 400
B-2 8.00 .050 00 725 7.30 400
B-3 T7.60 .100 .200 7.30 7.40 «200
B-: 7.60 .050 .200 T7.25 7.30 . 200
V-l 7.60 .050 .200 T.25 7.30 .200
Two-cell beams
20-1 6.50 0.201 0.206 6.48 13.15 0.186
20-2 6.50 116 204 6.4 13.00 187
20-3 6.50 .080 .201 6.k1 12.90 .186
20-4 6.50 .062 . 206 6.38 12.82 .186
32-1 6.80 321 .328 6.50 13.32 249
32.2 6.80 .188 32k 6.46 13.10 218
32.3 6.80 .129 .326 6.42 12.97 .2k9
324 6.80 .102 .328 6.41 12.92 248
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TABLE II,- SPECIMEN DIMENSIONS -~ Concluded

(b) Fabricated beams.

Specimen h, tws tgs bg, c, T,
in. in. in. in. in, in.
(a)
101 3.17 0.051 0.083 1.63 5.73 0.083
102 3.15 051 .083 2,04 6.9 .083
103 3.16 L0051 .083 2.43 8.15 .083 -
104 3.17 L0051 .082 3422 10.58 .083
105 3.25 051 127 2.50 8.38 127 -
106 3.25 051 127 3.12 10.24 127
107 3.27 051 127 3.75 12,10 J27
108 3.26 051 126 4,08 15.8% 126
109 3.38 .051 <187 3.75 12.15 .187
110 3.38 .051 .186 k.70 .97 .186
111 3.38 +051 .186 5.64 17.79 »186
112 3.38 .051 .183 7.54 23.45 .183
113 3,62 051 312 6.25 19.66 312
114 3.62 Moozl 307 7.8 2437 <307
115 - 3.61 .051 309 | 9.k0 29,06 <309
116 3.61 051 .310 12,54 38.46 310

83ee figure 1(d).
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TABLE TITI.- RATTOS OF SPECIMEN DIMENSIONS
(a) Integral beams.
Specimen | hftg | bgfbg | tyftg | byftw 8
OCne-cell beams
102-1 k3,2 42,3 1.00 ho,2 1.00
202 32.0 31.0 1.00 31.0 1.00
v 303 27.6 26.5 1.00 26.6 1.00
403 k.5 23.5 1.00 23.5 1.00
502 22,8 21.7 1.00 21.8 1.00
Bl 20.0 18.2 .29 66.1 3.63
B-2 20,0 18.1 12 152.0 8.40
B-3 - 38.0 36.5 .50 Th.,0 2.03
Bl 38.0 36.2 .25 148.0 k., 09
V-4 38.0 36.2 .25 148.0 k,09
Two-cell beams
20"'1 31.6 31-)4‘ 0.98 31.)'!' l. 00
20-2 31.9 31.5 .57 54.3 1.72
20-3 32.3 31.9 it} 79.0 2,48
20-k 31.6 31,0 .30 101..8 3.28
32-1 20.7 19.8 .98 20.3 .98
322 21.0 20.0 .58 34,7 1. 74
32-3 20.8 19.7 10 50.5 2.56
32-k 20.7 19.6 31 63.9 3.26
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TABLE ITI.- RATTIOS OF SPECIMEN DIMENSIONS - Concluded

(b) Fabricated beams.

Specimen h/'ts bs /ts 'bw/'ts bw/'bw B
: (a)
101 38.2 19.6 c.6 59 3.0
102 38.0 24 .6 .6 59 2.4
103 38.1 29.3 .6 59 2,0
104 38.6 39.3 .6 59 1.5
105 25.6 19.7 oM 59 3.0
106 25.6 2h,6 A 59 2.4
107 25.8 29.5 L 59 2.0
108 25.9 39.6 L 59 1.5
109 18.1 20.0 3 59 3.0
110 18.1 25.2 .3 59 2.3
111 18.2 30.3 3 59 2.0
112 15.5 hi.1 3 59 1.4
113 11.3 20.0 .2 59 3.0
11k 11.8 25.5 .2 59 2.3
115 11.7 30. .2 59 2.0
116 11.7 40.5 .2 59 1.5

88ee figure 1(d).
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TABLE IV.- MAXTMIM BENDING MOMENTS

(a) Integral beams.

Computed .
5 skin | Experimental VS R S I 'Y
Specimen kﬁ; ?ﬁ?ﬁ?t; failing moment, | per web, | by> | 5 p 2
(a)P 2 in-kdips in-kips ka1 2°W
One-cell beams
102-1 |31.0{ 236 Lk 10k 0.323 | 0.00510
202 k2.5 155 bog3 5l A73 | L007h8
303 Lo.6 127 boo1 37 542 | .00862
403 56.0 111 by5¢9 ol .508 | .00803
502 60.6 104 biko 19 .510{ .00808
B-1 62.3 | 1,380 1,560 90 213 | .00337
B-2 62.5 | 1,380 1,385 (c) (c) (c)
B-3 36.0 390 510 60 .150| .00237
B-4 36.3 390 446 (c) (e) (e)
Two-cell beams '
20-1 i, 6 750 1,075 108 0.k20| 0.00664
20-2 W b T34 850 39 .153 | .002h2
20-3 4,0 116 750 5 0181 .00029
20-4 b5.3 740 720 (e) (c) (e)
32-1 68.0 | 1,890 2,450 187 678 .01071
32-2 67.8 | 1,850 2,100 83 302 LOOMTT
32-3 68.4 | 1,860 1,980 ko b7 .00232
32-4 68.5 | 1,880 1,940 (c) (c) (c)

8Computed skin moment for one-cell beams equals Msg; computed
skin moment for two-cell beams equals Mg.

bAve:rage of two tests.

Cvalues not calculated because -specimens did not satisfy
minimum web-thickness requirements of equations (9).



28 NACA TN 3633
TABIE IV.- MAXIMUM BENDING MOMENTS ~ Concluded
(b) Fabriceted beams.
Camputed .
skin i Total compubed | Experimental
Specimen 95, moment, My, e, falling moment,| failing moment,
ksi |4p_kipg |im-kips|in-kips in-kips in-Xips
(a)

101 69.9 102 30 38 170 165
102 57.7 10k 30 38 172 164
103 48. 105 30 38 173 163
104 36.0 104 30 38 172 161
105 | 69.9 231 30 38 299 bogs
106 57.7 238 30 38 306 307
107 48.0 238 30 38 306 293
108 35.9 236 30 38 304 308
109 69.5 505 30 38 571 562
110 | 56.1 50 30 38 572 576
111 46.8 505 30. 38 573 540
112 | 34.% L87 30 38 555 561
113 |°48.5| ©985 30 Lo 1,055 1,070
114 [©39.3 Cg73 30 Lo 1,043 1,020
115 46.6] 1,400 30 4o 1,470 1,370
116 35.0{ 1,405 30 ko 1,475 1,355

8Computed skin moment for three-cell fabricated beem equals

BUSbStSbW + 02

by the skin overhanging the exterior webs.

bAverage of two tests.
CCalculated from web-crushing considerations; computed skin moment

for this condition equals

O'Sctsbw.

(c - 3b s) by The second term is the moment carried
(See fig. 1(c).)
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(c) Three-cell fabricated beam. (d) Angle
extrusion.

Figure l.- Test specimens.

A1l dimensions are in inches.
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Figure 2.- Maximum bending moment resisted by webs of integral test
specimens,



NACA TN 3633 351

1500 /
oo
L1000 |-
Calculated
failing
moment,
in —Kkips
500 |
© Bending failure
o Crushing failure
4
! 1 ]
0 500 1000 L1500

Experimental failing moment, in —kips

Figure 3.- Comparison of calculated and experimental failing moments for
fabricated test specimens.
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Figure 4,- Multiweb-wing efficiency chart for TOT5-T6 alumimm-alloy
structures. Tick marks on curves indicate buckling at limit load.
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Figure 5.~ Alternate form of multiweb-wing efficiency chart for

TO075-T6 sluminum-alloy structures.
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Figure 6.~ Typical curves of minimum web-thickness requirements.
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